This study presents the flexible-body dynamic analysis and simulated stress recovery of vehicle components to predict their lifetime when maneuvering on an uneven random road. The subject of this study was an all-terrain vehicle (ATV). The body frame and suspension system were modeled as flexible elements for multibody dynamic simulation. The simulations in this study revealed the stress from the flexible elements and predicted the component fatigue life using the retrieved stresses. This approach considers the interaction between dynamic forces and structure deformation and achieves more accurate structure stress prediction and fatigue life prediction.
Introduction
Fatigue is one of the major concerns in automotive engineering. The structure and components of a vehicle are constantly under cyclic loading, and especially on rough roads. This could cause the fatigue failure of the structure or components. Ohchida [1] showed that 60% of machine equipment failures are caused by component fatigue. Therefore, a reliable method for predicting the potential fatigue failures of vehicle components is highly desirable. In the design cycle of automotive vehicles, the majority of automotive manufacturers use empirical methods or dynamic simulations to predict the component and structure loadings [2] . The FEA model was designed to predict the stress of components and fatigue failure [3] . However, the FEA analysis process does not consider the effects of the dynamic loads caused by structural deformations. The dynamic loading that occurs when the vehicle is running can cause structural deformation, which in turn may affect load conditions and further change the stress of components. Thus, dynamic analysis with a rigid body system is insufficient. The dynamic loading changes caused by structural deformation should be considered in structure and component stress analysis. Cuadrado et al. [4] presented flexible-body dynamic simulations considering the effects of structural deformation and can therefore predict more accurate loads and stresses of the vehicle components than the general rigid-body simulation can. The good correlation between simulation and experimental results was presented as well in their study. Some studies have focused on vehicle components by modeling them as flexible elements in multibody dynamic simulation. Moon et al. [5] presented a taper leaf spring with hysteretic characteristics. This study developed a flexible multi-body dynamic simulation to interface the leaf spring finite-element model and computation model and correlated simulation and experimental results. Shabana and Sany [6] presented a rolling contact theory with multi-body dynamics to simulate the effects because of the structural flexibility of the vehicle component and track. Zhu et al. [7] predicted the fatigue life of a truck frame. They modeled the frame as a flexible element and the vehicle system as rigid multi-body dynamic model. Yang et al. [8] predicted the fatigue life of a wheel by simulating the EMU wheel as a flexible body in multi-body simulations. Rathod et al. [9] presented a multi-body railroad vehicle system that accounted for the dynamic coupling between a 3D wheel and the rail structure flexibility. However, these studies did not include the deformation of the entire vehicle structure.
Advances in Mechanical Engineering
This study uses ADAMS to perform flexible-body dynamic simulation and models all structural components as flexible elements. The stress history of the structure was then retrieved from the dynamic simulation for fatigue calculation.
The remaining sections are as follows: the theoretical background of the flexible-body dynamics and fatigue analysis, the simulation model, the simulation results, and the conclusion.
Theory Background

Equations of Flexible-Body
Dynamics. In equations of motion, the linear deformation of a structure can be represented by the combination of mode shapes and mode coordinates as follows:
where is the mode shape and is the mode coordinate.
With the Cartesian coordinate ( , , ), Euler's angle ( , , ), mode coordinate , and the generalized coordinates of the flexible element can be expressed as follows:
The position on the deformed body is written as
where is the transformation matrix between global coordinates and the body local coordinates. The term represents the position in the body before deformation, and is the mode shape matrix. From the position, the velocity of the deformed body is
The term is the angular velocity vector of the body coordinate, and is the transfer matrix between the time derivative of Euler's angle and the angular velocity.
The kinematic energy of the body is
where and represent the modal mass and modal inertia of moving body, respectively. The mass matrix of flexible body, , can be expressed as
where , , and represent the translational, rotational, and modal degrees of freedom, respectively. The stiffness matrix of the flexible body, , is relatively simple because there is no rigid body contribution:
The equations of motion with a Lagrange multiplier can be written as follows:
The term is the modal damping matrix, and and, respectively, represent the structural internal force caused by the elastic deformation and velocity. The term is the Lagrange multiplier, is the structure weight, and is the external force.
The strain and stress can be retrieved using the mode coordinate [10] . This study calculates the stress in the structure using the modal stress recovery technique:
The term { } is the stress vector, { } is the strain vector, and [ ] is the finite-element geometric deformation-tostrain matrix. The term [ ] is the material property matrix.
Fatigue Prediction.
Metal material under cycling stress can fail even when the stress is under the ultimate stress limit. The relationship between fatigue stress and life cycle is usually represented by a stress-cycles curve ( -diagram). For steel, a cycle life greater than 10 6 is treated as a lasting life, and the stress corresponding to a 10 6 cycle is the endurance limit [11] .
The -diagram is plotted in log scale, and the formula of -curve can be simplified as
where is the slop of curve and is the life cycle. During vehicle maneuvering, the structural stress is fluctuating. The amplitude of stress variation varies with the driving and road conditions. The rain-flow counting technique Advances in Mechanical Engineering can be applied to measure different stress variations during driving. The Palmgrem-Miner cycle-ratio summation rule can then be used to accumulate the damages of various loads and cycles:
where is the number of cycles at the change of stress amplitude (Δ ) and is the number of cycles until failure at the change of stress amplitude (Δ ). The "Damage" parameter usually ranges from 0.7 to 2.2. When the accumulated damage is larger than the "Damage" parameter, the component fails [12] .
Vehicle Model
The object of research in this study is a dune buggy. Figure 1 shows the geometric model based on the measurement on the vehicle structure. For each component of vehicle structure, MSC Nastran was used to perform modal analysis, and MSC Patran was used to process finite-element models and modal analysis data to create flexible elements for dynamic simulation [13] . These elements were imported to the vehicle model to assemble the whole vehicle. Then, we used ADAMS to perform the flexible-body dynamic simulations [14] and determine the stress generated by random road maneuvers.
Components.
The structure of vehicle model included three primary parts: the body frame, the front suspension, and the rear suspension (Figure 2) . The powertrain and passenger weights were attached to the structure, and the total weight of vehicle was 423 kg. All the structure components were modeled as a flexible body. The tires were simulated as force elements in dynamic simulation [14] . Figure 2 shows the connecting joint and forces applied between components [14, 15] , and Table 1 shows material properties of the frame [16] .
In addition to the weight of the vehicle structure and the driveline, two dummies weighing 80 kg each were modeled and seated on the vehicle structure. The dummies were modeled as two parts (the upper torso; pelvis and legs) [10] , which were connected with a revolute joint. The upper torso, including the seat back, and the pelvis, including the seat, were attached to the vehicle structure by springs and dampers. Table 2 lists the spring stiffness and damping coefficient. The driveline was seated on the engine mounts, and the engine mounts were modeled as rubber bushings. Table 2 lists the parameters.
Tire and Road Models.
The simulations in this study modeled tires as force elements, and these tire models included the tire mass and inertia. The simulations in this study use the Fiala tire model, which was designed for vertical and longitudinal motion. Table 3 presents the tire parameters. For simulation road condition, this study applies a random 2D surface (Figure 3 ).
Simulation and Result
In the simulation, the vehicle maneuvered in straight runs over a random uneven surface. The vehicle accelerated from standing still, and the data for analysis was collected when it reached a constant speed of 50 km/h. The duration of data collecting was 10 s. Several thicknesses of the structure frame tube were applied in the simulation: 1 mm, 1.5 mm, 2 mm, and 2.5 mm.
Dynamic Simulation.
In flexible-body dynamic simulation, ADAMS can retrieve the structural stress which could be applied to failure or fatigue analysis. Figure 4 shows the highest stress locations during the dynamic simulation. Table 4 shows the maximum von Misses stress of these locations in uneven random road simulations.
To compare the differences in dynamic load running on an uneven road surface, this study created both rigid-body and flexible-body models. Because the rigid-body dynamic simulation cannot determine the structural stress, the maximum rear suspension joint forces were used to present the difference between these two types of simulation (Table 5 ). Figure 5 shows the joint locations. The frame tube thickness of the model was 2.0 mm in this simulation. In addition to the suspension and tire elements, the flexible element in the vehicle structure also absorbed part of dynamic energy during the uneven road simulation. Thus, the joint force of the flexible-body model was smaller than that of the rigid-body model during the simulation.
Fatigue Analysis.
The FEM model in this study adopts several thicknesses of the frame tube. The flexible elements were built based on these models, and flexible-body dynamic simulations were run with different tube thicknesses. The tube thicknesses were 1 mm, 1.5 mm, 2 mm, and 2.5 mm. The maximum stress was retrieved and plotted in a stress-time curve. Figure 6 shows the stress history of the structure with a 2.5 mm tube thickness in 10 s simulation at a constant speed of 50 km/h.
The rainflow counting method was applied to the stress history curve, and the stress cycle number of different stress amplitudes was used for fatigue analysis. Figure 7 shows the stress range and cumulative cycle number of different frame tube thicknesses.
Based on the stress cycle and material -diagram, the structural life can be predicted using the Miner rule. Using a 10 s simulation cycle, Table 6 presents the structural life of different frame tube thicknesses. This duration time and the maximum stress position listed in Table 4 show that the structure connecting points of two or more structure members are the most vulnerable to fatigue damage. 
Conclusions
Conventional analysis methods model the vehicle body as a rigid body in dynamic simulations. In this case, the dynamic energy passing from the tire running over an uneven road can only be absorbed and damped by tires, springs, and dampers in suspension, and bushings. After this rigid body dynamic simulation, the component load was applied to a finiteelement model to determine the structural stress of the component for further analysis. The approach used in this paper is different from the conventional one. The dynamic model in this study uses flexible bodies. The advantage of using flexible-body dynamic simulation is that it simulates structural stresses in dynamic analysis and can be retrieved through the simulation. The dynamic response considers the effect of structural deformation. This provides more realistic and better prediction, especially for not-so-rigid vehicle structures. The structure can also absorb part of the energy. Thus, the loads at joints were smaller compared with the loads obtained in rigid-body simulation. The stress received from flexible dynamic analysis can be used in fatigue analysis. The structure connecting points where two or more structure members were welded together appeared to be the most vulnerable to fatigue damage. Therefore, these points should be reinforced during structure design and assembly to increase the expected lifetime.
Vehicle fatigue testing is costly and time consuming. Flexible-body dynamic simulations can assist in the life prediction of vehicle structures and components. The proposed analysis tool can shorten the design cycle and can reduce vehicle development cost and time. 
